Loss of p53Fa tumor suppressor gene located on the short arm of chromosome 17 (band 17p13.1)Fwas detected in 105 out of 2272 (5%) adult acute myeloid leukemia (AML) patients who took part in the Study Alliance Leukemia AML96 and AML2003 multi center trials. There were 85 patients with 17p (p53) deletion with multiple aberrations and 20 patients with a 17p (p53) deletion as single aberration or with only one additional chromosomal abnormality. None of the p53-deleted patients displayed additional low-risk aberrations, like t(8;21) or inv(16). Significant positive association between p53 deletion and other high-risk factors was identified for del(5q) (Po0.001), À5 (Po0.001) and À7 (Po0.05). The molecular risk factors FLT3-ITD and NPM1 mutation showed an inverse correlation to the p53 deletion in complex aberrant patients (Po0.001). The multivariate analysis revealed p53 deletion without multiple aberrations as an independent negative prognostic factor for disease-free survival (Po0.001), relapse risk (P ¼ 0.028) and overall survival (Po0.001). Thus, the single p53 deletion should be considered as a high-risk aberration for future risk-adapted treatment strategies in AML.
Introduction
Acute myeloid leukemia (AML) is a genetically heterogeneous disease where clonal chromosomal aberrations can be detected in about 50% of the cases. On the one hand, large studies confirmed the independent prognostic role of cytogenetics for therapy outcome. [1] [2] [3] [4] [5] [6] Most of the recurring chromosomal aberrations can be associated with individual prognosis. On the other hand, there are more infrequent aberrations of which the prognosis has not been evaluated so far. For this reason, patients with these aberrations are treated in the intermediaterisk group even though their prognostic value remains undefined. The single p53 deletion by loss of 17p belongs to this unevaluated group.
A deletion of 17p commonly involves the tumor suppressor gene p53 on band 17p13.1 with allelic loss of the gene. 7 p53 is a tumor suppressor that induces cell-cycle arrest with following DNA repair or apoptotic cell death in response to genotoxic substances, oncogenes, hypoxia, DNA damage or ribonucleotide depletion. 8 Inactivation of p53 plays an important role in neoplastic transformation in solid tumors and it has also been reported in hematological malignancies in association with progression of disease. [9] [10] [11] [12] Most often loss of 17p is accompanied by a complex aberrant karyotype, which in principle results in a poor outcome. 5, 6, [13] [14] [15] [16] However, in some cases the p53 deletion is present as a single chromosomal aberration and as a consequence treated in the standard risk group. So far, association of p53 mutations with poor overall survival (OS) has been described in AML, [17] [18] [19] [20] [21] but the prognostic impact of 17p aberrations in AML has been evaluated only in the context of complex aberrant karyotypes or other unfavorable cytogenetic markers. 5, 6, 16 Recently published data of 336 patients with AML including 9 patients with loss of 17p as sole abnormality revealed in vitro drug resistance and short OS in patients with 17p aberrations leading to p53 deletion. 22 In this study, we investigated the incidence, prognostic value, biological and clinical features of a p53 deletion in a large series of AML patients with or without complex aberrant karyotypes.
Patients and methods

Patients
Between February 1996 and August 2007, cytogenetic analyses were performed on 2272 AML patients who took part in the AML96 and AML2003 trial of the Study Alliance Leukemia (SAL). A list of the participating study centers and physicians is given in the Acknowledgement. Patients diagnosed with the subtype AML FAB M3 and M3v were excluded and treated separately in European APL protocols. The studies were approved by the ethics committees of the University of Dresden and by those of all other participating centers of the study group. The protocols are in agreement with the Helsinki declaration and registered with the NCT numbers 00180115 (AML96) and 00180102 (AML2003). Written informed consent was obtained from each patient before inclusion.
Risk stratification
Patients p60 years of age were allocated to three risk groups classified after standard cytogenetic analysis. In the AML96 trial the following risk groups were defined: low riskFt(8;21) with or without additional aberrations; intermediate riskFnormal karyotype, inv(16) with or without additional aberrations, other aberrations excluded from low or high risk; high riskF À5/del(5q), À7/del(7q), hypodiploid karyotype (except 45,X,ÀX or ÀY), inv(3q), abnormal 12p, abnormal 11q, þ 11, þ 13, þ 21, þ 22, t(6;9), t(9;22), t(3;3), complex aberrations (X3 independent chromosome aberrations), therapy-related AML. In the AML2003 study the risk groups were classified as follows: low riskFt(8;21) or inv(16)/t(16;16) with or without additional aberrations; intermediate riskFnormal karyotype, other aberrations excluded from low or high risk; high riskFÀ5, del(5q), À7, inv(3q), t(3;3), t(6;9), t(6;11), t(11;19), þ 8 as single aberration or with one additional aberration (except t(9;11)), multiple aberrations (X3 independent aberrations), blasts 410% on day 15 after the first induction therapy, FLT3 ratio 40.8 (mutated allele to wild-type allele).
No risk stratification was applied to patients older than 60 years of age.
Therapy
Patients were treated risk adapted according to the AML96 protocol which has been published previously 23 and to the AML2003 treatment scheme.
In the AML2003 trial only patients p60 years of age were included. They were randomized into four arms with two arms receiving a risk-adapted intensified therapy and two arms receiving a standard therapy. The induction therapy was equal for all patients consisting of two courses of DA (daunorubicine 60 mg/m 2 days 3-5; ara-C 100 mg/m 2 days 1-7). High-risk patients of the intensified therapy arms received an early related or unrelated allogeneic hematopoietic stem cell transplant (HSCT) in aplastic phase after induction therapy. The postremission chemotherapy was either a consolidation with three cycles of ara-C (2 Â 3 g/m 2 days 1, 3, 5) or two cycles of MAC (ara-C 2 Â 1 g/m 2 days 1-6; mitoxantrone 10 mg/m 2 days 4-6) and one cycle of MAMAC (ara-C 2 Â 1 g/m 2 days 1-5; m-AMSA 100 mg/m 2 days 1-5). In the standard arms patients with an HLA-identical related donor received an allogeneic HSCT. If no HLA-identical donor could be identified, high-risk or intermediate-risk patients within the intensified treatment arms were assigned to an autologous HSCT as second consolidation.
Complete remission (CR) was defined as the presence of less than 5% blast cells in a standardized bone marrow (BM) aspirate after second course of induction therapy and a fully regenerated peripheral blood count according to the previously published consensus criteria. 24 
Cytogenetic analysis
BM or peripheral blood samples were obtained at the stage of diagnosis. Conventional cytogenetic analyses were performed on short-term cultured BM and peripheral blood cells (24, 48 h) . GTG-banding technique was done according to routine cytogenetic procedures. Clonal abnormalities were described in accordance to the International System of Human Cytogenetic Nomenclature (ISCN 2005) . 25 A complex aberrant karyotype was defined as the presence of three or more independent aberrations. Deletion of p53 (band 17p13.1) was implicated due to the following cytogenetical alterations: À17, isochromosome i(17)(q10), deletion del(17)(pvar(variable)), unbalanced translocations der(var)t(var;17)(var;qvar),À17 or der(var)t(var;17)(var;pvar),À17 or der(17)t(17;var)(pvar;var), balanced translocation t(12;17)(p11;p13) (n ¼ 1 patient, interphase FISH with 76% p53 deletion); additive material: add(17)(pvar), dicentric chromosome dic(var;17)(var;pvar), ring chromosome r(17)(pvarqvar).
Additionally, in cases of chromosome 17 alterations in cytogenetics, we performed fluorescence in situ hybridization (FISH) to confirm or exclude a p53 deletion. Some investigations were retrospective, thus, usable material for FISH analyses was only available in 98 out of 105 patients. Three out of these seven patients had a single 17p deletion, however, karyotype description was informative (isochromosome i(17)(q10), derivative chromosome der(17)t(11;17)(q14;p12)). In the complex aberrant group also there were four patients without available material but complete karyotype analyses leaving no doubt concerning 17p13 deletion (r(17)(p11q21), i(17)(q10), À17, dic(5;17)(q11;p11)). Patients with unclear state of p53 (that is, incomplete metaphases, balanced translocations, marker chromosomes) but without any available material were excluded from the study (n ¼ 3).
Fluorescence in situ hybridization
For the evaluation of the p53 status we used freshly prepared slides from methanol/acetic acid fixed cells or frozen BM and peripheral blood (blasts 415%) smears, respectively. The following DNA probes, Fa. Abbott (Wiesbaden-Delkenheim, Germany), were used: LSI p53 (Spectrum Orange) and CEP 17 (Spectrum Green) as reference locus. Hybridizations were performed as recommended by the manufacturer with the following modifications: chromosome and probe denaturation were done at 76 1C for 6 min and at 76 1C for 5 min, respectively. Fluorescence signals were visualized with the fluorescence microscope Eclipse (Fa. NIKON, Germany) on interphase nuclei. For each sample, 200 cells were counted by two independent observers and the percentage of aberrant cells was averaged. A cut-off level of 13% was determined in a set of normal control samples.
Statistical methods
All statistical analyses were performed using the SPSS software package, version 15.0 (Chicago, IL, USA). To analyze the influence of p53 deletion on the outcome, we divided patients into four groups: normal karyotype (standard group, A), p53 deletion as single aberration or at most with one additional chromosomal abnormality (in the following termed as 'single p53 deletion', B), complex aberrant karyotype without p53 deletion (C) and complex aberrant karyotype with p53 deletion (D). Clinical parameters and outcome of each aberrant group were compared to the standard group.
Correlations of parametric clinical variables across groups were analyzed using two-sided Fisher's exact test whereas nonparametric variables were compared by using the MannWhitney U-test. Multivariate analyses of the correlation between clinical parameters and the therapy response were performed by stepwise logistic regression. Multivariate analyses of the correlation between clinical variables and survival were carried out by Cox regression.
OS and disease-free survival (DFS) analyses were performed using the Kaplan-Meier method and survival curves were compared using the log-rank test. DFS was defined as the time from CR to relapse or death. OS was defined as period from diagnosis to death.
P values less than 0.05 were considered to be significant.
Results
Frequency of p53 deletion
Depending on the karyotype and the state of p53 all 2272 patients were separated into six distinct categories (Table 1) . A total of 105 out of 2272 patients (5%) had a p53 deletion, whereas most of these cases had a complex aberrant karyotype (85 out of 105 patients). In this distinct group, the frequency of the p53 loss was 29% (85 out of 291 patients). Only 20 patients (1%) presented a single p53 deletion. In patients 460 years of age the incidence of this distinct group was 1.4%. However, the option to do precise statistics for group B was restricted because of the small number of cases, which was due to the rarity of that cytogenetic entity. Keeping in mind that the groups C/D are the complex aberrant groups, it was interesting to look for biological differences. However, except for BM blasts (C: 60% vs D: 44%; Po0.001) there were no significant differences.
Cytogenetic characterization of p53 deletion
One patient in the group of single p53 deletion (group B) presented a failure of conventional karyotyping. The extensive interphase analyses revealed only a monosomy 7 and loss of p53. Interestingly, 13 out of 19 (68%) patients with single p53 deletion presented an isochromosome i(17)(q10) whereas only 10% of the complex aberrant patients had an i(17)(q10) (Po0.001). In the complex aberrant cases the loss of p53 resulted mostly from monosomy 17 (48%, Po0.001) and and À7 (17 vs 9%, Po0.05) whereas inv(3q)/t(3;3), t(6;9), abn(11q23) were not observed in combination with a p53 deletion. Trisomy 8 was seen with the same frequency in both subgroups (19%). Furthermore, we have seen an inverse correlation between p53 deletion and the molecular risk factors FLT3-ITD (internal tandem duplication of FLT3 gene (fms-like tyrosine kinase 3); 0 vs 33%, Po0.001) and NPM1 (mutation of nucleophosmin gene; 2 vs 49%, Po0.001) in complex aberrant patients, compared to patients with normal karyotypes. No statistical difference was found for the parameter MLL-PTD (partial tandem duplication of MLL gene (mixed-lineage/myeloid lymphoid leukemia)). Among the subgroup with single p53 deletion only one case with FLT3-ITD mutation was observed. Table 3 shows the probability of DFS and OS for the four different karyotype groups (groups A-D). The mean observation time was 30 months (range 0-113). In the univariate analysis, the presence of p53 deletion was correlated with clinical outcome. As shown in Figure 1 , DFS (1a) and OS (1b) was impaired for all of the three aberrant subgroups compared to normal karyotype (Po0.001). Moreover, all patients with p53 deletion showed significantly poorer 2y-DFS (B: P ¼ 0.008; D: P ¼ 0.042) as well as shorter 2y-OS (B: n.s.; D: P ¼ 0.033) compared to complex aberrant patients without p53 deletion. The response to induction therapy was decreased in patients with a complex aberrant karyotype (Po0.001) independent of Abbreviations: 2y-DFS, 2-year-disease-free survival; 2y-OS, 2-year-overall survival; CI, confidence interval; CR, complete remission. **Po0.001; P value indicates difference to normal karyotype patients (A). # Po0.05; P value indicates difference between complex aberrant patients without (C) and with p53 deletion (D). + Po0.05; P value indicates difference between complex aberrant patients without p53 deletion (C) and patients with single p53 deletion (B). P values were analyzed using the two-sided Fisher's exact test. Figure 1 Kaplan-Meier analysis for probability of survival according to different karyotypes. Comparison of (a) 2-year disease-free survival (DFS; n ¼ 742) and (b) 2-year overall survival (OS; n ¼ 1449) in all patients with karyotype: normal, not complex with del( p53), complex without del( p53), complex with del( p53). Survival curves were compared using log-rank test. CI, confidence interval.
Prognostic impact of p53 deletion
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Multivariate analyses were performed to investigate whether a single p53 deletion represents an independent prognostic factor and moreover, to evaluate whether p53 deletion influences the outcome of complex aberrant patients. Several known risk factors were included in the model (age, WBC, platelet count, BM blasts, CD34 expression, secondary AML, molecular risk factors: FLT3-ITD, NPM1, MLL-PTD; cytogenetic risk factors: À5/5qÀ, À7). Regarding the complex aberrant patients, the p53 deletion showed an independent negative prognostic value for DFS (P ¼ 0.031), relapse (P ¼ 0.003) and OS (P ¼ 0.046). Patients' age (Po0.001), platelet count (P ¼ 0.009), a preceding myelodysplastic syndrome (P ¼ 0.023) and À5/5qÀ (P ¼ 0.032) independently influenced achieving of a CR. Furthermore, WBC ((DFS: n.s., relapse: P ¼ 0.043), BM blasts (DFS: P ¼ 0.007; relapse: 0.003) and age (DFS: n.s., relapse: P ¼ 0.039) were negative factors for DFS and relapse. Age (Po0.001), WBC (P ¼ 0.001), platelet count (P ¼ 0.002), t-AML (P ¼ 0.012) and -5/5qÀ (P ¼ 0.022) were predictive for OS.
Regarding all subgroups, the multivariate analysis (Table 4 ) revealed p53 deletion without multiple aberrations as an independent negative prognostic factor for DFS (Po0.001), relapse (P ¼ 0.028) and OS (Po0.001), but not for therapy response (CR). In detail, 45% of patients in this group achieved CR, the median DFS time was 4 months, and the median OS time was 5 months. 2y-DFS and 2y-OS were 0% (Table 3) .
Furthermore, the multivariate analysis showed that CD34 expression (Po0.001), complex aberrant karyotype without p53 deletion (Po0.001) and a preceding myelodysplastic syndrome (Po0.001) were the most important prognostic factors for therapy failure, whereas age (Po0.001), WBC (Po0.001), CD34 expression (Po0.001), complex aberrations (Po0.001) and a single p53 deletion (Po0.001) were strong prognostic factors for poor OS (Table 4) .
Discussion
During the last two decades the evaluation of the prognostic impact of many clinical and genetic features has established the basis for risk-adapted treatment approaches in patients with AML. Cytogenetic findings at diagnosis have been approved as the most important predictive factors for treatment outcome. Based on that, patients can be divided into three main risk groups: favorable, intermediate and adverse. This is valid for the frequent recurring chromosomal aberrations where the prognostic impact is well documented. Up to now, for seldom aberrations like a single p53 (17p) deletion, the knowledge is unsatisfying. Published data of the CALGB 8461 trial 5 documented monosomy 17 or loss of 17p as a single abnormality with a frequency of two out of 1213 patients. Most often the loss of 17p/À17 is accompanied by a complex aberrant karyotype with a poor outcome. 5, 6, [13] [14] [15] [16] In our study of patients with AML, the incidence of p53 deletions was 5% (105 out of 2272) which is consistent with the observations of other groups. 5, 26 There were only 20 patients (1%) with single p53 deletion, proving that this is a rare but recurring cytogenetic entity. Most of the patients had a complex aberrant karyotype (85 out of 105 patients).
Our results prove clearly that it is not advisable to classify patients with a single p53 deletion or with only one additional aberration (group B) into the intermediate risk group. Median OS was only 5 months for this group of patients. In the multivariate analysis a single p53 deletion is a strong independent negative prognostic factor for DFS and OS. This is in line with the observed poor outcome of patients with p53 mutations 17, 18, 20, 21 and with the recently published data of patients with 17p aberrations. 22 The subgroups with p53 deletion showed distinct biological characteristics. Independent of the state of complexity, there were significant higher amounts of CD34 þ cells. Published in vitro investigations 27, 28 indicated that the loss of p53 function could cause cell-cycle arrest in a very primitive stage of 14,21,29,30 Furthermore, we could see an inverse correlation between p53 deletion and the molecular risk factors FLT3-ITD and NPM1 mutation.
The specific cytogenetic types of the p53 deletion varied in the subgroups. Of 20 patients with single p53 deletion, 13 presented an isochromosome i(17)(q10), resulting in a hemizygous deletion of p53. Recently, this aberration has been characterized and the locus 17p11.2 was identified as the breakpoint cluster region resulting in a dicentric isochromosome. However, no associated p53 mutation of the remaining allele was found in hematological malignancies. 31 In contrast, in the complex aberrant group p53 deletion was predominantly caused by monosomy 17 and unbalanced translocations. This supports the presumption of Schoch et al.
14 that the loss of genetic material is more common than the gain in AML with complex aberrant karyotype.
The loss of 17p in AML is often accompanied by a p53 mutation resulting in a loss of heterozygosity. 7, 13, 15, 19, 32, 33 Conversely, p53 mutations without cytogenetical alteration are a rare event. 32, 33 In contrast, 10-30% of patients have a cytogenetical p53 deletion with wild-type configuration of the remaining allele. 7, 13, 33 Data from experiments on mice reveal that the loss of one p53 allele could be sufficient for tumorigenesis. 34 This could be relevant for the development of leukemia in patients with single p53 deletion. Another possibility is the inactivation of downstream mediators of p53, which affect not only the cell-cycle arrest, but also the repair of DNA and the apoptosis. Alternatively, overexpression of genes inhibiting p53 and promoting degradation of p53 can be considered, for instance MDM2 gene amplifications have been detected in B-CLL. 35 Moreover, an interesting investigation of Sankar et al. 36 revealed only 3 out of 17 patients presenting a p53 inactivation in FISH, in contrast to 14 patients with locus 17p13.3 deleted. Thus, other tumor suppressor genes on the short arm of chromosome 17 may be involved in the development of leukemia.
In view of complex aberrant patients our data revealed p53 deletion as an independent negative prognostic factor for DFS, relapse risk and OS. The response to induction therapy was poor in both complex aberrant subgroups indicating that the resistance to cytotoxic substances must be caused by other mechanisms. Recently published data of multi-drug-resistance gene expression showed negative influence on therapy response in complex aberrant patients. 37 Association of p53 deletion and MDR1 expression has been confirmed for CML, but not for AML. 38 An independent negative additive effect with decreased induction of apoptosis and increased cytostatica efflux can therefore be considered. Interestingly, Nahi et al. 22 have recently shown a greater resistance to different conventional antileukemic drugs in p53-deleted cells, except for daunorubicine and ara-C which were used in the AML2003 trial as induction therapy.
In conclusion, patients with a single p53 deletion have shown a worse treatment outcome than patients with normal karyotype and should be therefore classified into the high-risk category as the complex aberrant patients have already been. Due to the poor outcome, it is necessary to provide another therapy strategy to patients with p53 deletion than conventional treatment strategies including allogeneic stem cell transplantation. An alternative therapeutic option is offered through the development of substances influencing the function of p53 in a specific way. In this regard, interesting results about the substance PRIMA-1 (p53-dependent reactivation and induction of massive apoptosis) were published recently. 39 Furthermore, the latest results of research showed improvement in the in vitro drug chemosensitivity in p53-deleted cells after coincubation of RITA (reactivation of p53 and induction of tumor cell apoptosis) and PRIMA-1. 40 
